Discovery of microorganisms producing enzymes that can efficiently hydrolyze cellulosic biomass is of great importance for biofuel production. To date, however, only a miniscule fraction of natural biodiversity has been tested because of the relatively low throughput of screening systems and their limitation to screening only culturable microorganisms. Here, we describe an ultra-high-throughput dropletbased microfluidic system that allowed the screening of over 100,000 cells in less than 20 min. Uncultured bacteria from a wheat stubble field were screened directly by compartmentalization of single bacteria in 20 pl droplets containing a fluorogenic cellobiohydrolase substrate. Sorting of droplets based on cellobiohydrolase activity resulted in a bacterial population with 17-and 7-fold higher cellobiohydrolase and endogluconase activity, respectively, and very different taxonomic diversity than when selected for growth on medium containing starch and carboxymethylcellulose as carbon source.
INTRODUCTION
Despite recent spectacular progress in opening up vast new fossil fuel reserves, environmental concerns linked to the production of greenhouse gases and side effects of hydraulic fracturing to extract hydrocarbons from shale continue to make the production of ethanol and other chemicals from biomass an attractive proposition (Fan et al., 2013) . Unfortunately, most bioethanol production is based on fermenting simple sugars produced by sugar cane or beet or produced by hydrolysis of starch in cereal grains and competes directly with food production (Banerjee, 2011) . Therefore, it is far more attractive to consider producing fermentable sugars and other compounds from cellulosic biomass, such as wheat straw, which is currently not used in the food industry.
Hydrolysis of cellulosic feedstocks to yield fermentable sugars and other compounds is currently achieved by a combination of chemical and enzymatic hydrolysis. Unfortunately, despite considerable progress (notably using engineered enzymes), the efficient hydrolysis of cellulosic feedstocks remains challenging (Sims et al., 2010) .
In this context, it is important to be able to isolate microorganisms producing enzymes that can efficiently hydrolyze cellulosic biomass. Many such microorganisms exist in the environment; however, to date, only a miniscule fraction of this natural biodiversity has been tested. Indeed, cost and time considerations mean that typically 10 3 , and at most 10 5 , colonies can be screened per day using conventional robotic screening platforms; reducing assay volumes in microtiter plates to below 1-2 ml is problematic, and the maximum throughput, even when using sophisticated (and expensive) robotic handling, is little more than 1 s À1 (Mayr and Bojanic, 2009 ). Furthermore, cultivation of cells before screening is essential and limits the system to screening cultivatable microorganisms, which represent only a small fraction of the available biodiversity (Ekkers et al., 2012) . This is still an important limitation, despite the fact that highthroughput culturing (HTC) systems have improved the recovery of bacterial and fungal strains that are apparently unculturable or slow growing (Collado et al., 2007; Connon and Giovannoni, 2002) . While fluorescence-activated cell sorting (FACS) is capable of analyzing and sorting cells (including uncultivated cells) at rates of up to 7 3 10 4 cells s À1 (Eisenstein, 2006) , the fluorescent marker(s) must remain either inside or on the surface of the cells to be sorted. This makes detection of secreted enzymes using fluorogenic substrates impossible. Additionally, if the enzyme is intracellular, then the cell may be impermeable to the substrate or the product may freely diffuse out of the cell. Droplet-based microfluidic systems, however, allow single bacterial or yeast cells to be encapsulated together with a fluorogenic assay system in aqueous droplets of picoliter volume, which are a million times smaller than microtiter plate wells Teh et al., 2008; Theberge et al., 2010) . The enzymes to be assayed may be expressed on the surface of cells (Agresti et al., 2010) , secreted (Sjostrom et al., 2014 ; as described here), or intracellular Najah et al., 2012) , in which case the cells can be lysed if necessary (Kintses et al., 2012; Najah et al., 2012) . The droplets can then be sorted by fluorescence-activated dielectrophoresis or by fluorescence-activated electrocoalescence with an aqueous stream (Fallah-Araghi et al., 2012; Fidalgo et al., 2008) , at rates of up to 2 kHz, and the sorted cells, or their genes, recovered. This has allowed the directed evolution of horseradish peroxidase displayed on the surface of yeast, sulfatase expressed in Escherichia coli, and screening for yeast with improved yields of secreted a-amylase, with an up to one thousand-fold increase in throughput and a one million-fold reduction in reagent volume and cost (Agresti et al., 2010; Kintses et al., 2012; Sjostrom et al., 2014) .
Here, we describe the use of a droplet-based microfluidic system for the ultra-high-throughput bioprospection of microorganisms for cellulase activity. In nature, degradation of cellulosic biomass occurs by the synergistic action of mixtures of enzymes that hydrolyze 1,4-b-D-glycosidic linkages, collectively known as cellulases, produced by microorganisms. They include endoglucanases, capable of hydrolyzing internal linkages to create new chain ends, and exoglucanases (cellobiohydrolases), which hydrolyze the ends of the polymer chains, resulting in the tetrasaccharide cellotetrose or the disaccharide cellobiose (Beguin and Aubert, 1994; Tomme et al., 1995) . Efficient cellulose hydrolysis also requires the presence of b-glucosidases to hydrolyze the exoglucanase products into individual monosaccharides (glucose). This microfluidic system allowed the screening of microorganisms extracted directly from wheat stubble for the ability to hydrolyze a fluorogenic cellobiohydrolase substrate (Najah et al., 2013) , at a throughput up to 400,000 per hour. Selection resulted in an enriched bacterial population exhibiting high levels of both endoglucanases and exogluconase activity. Metagenomic analysis revealed a marked enrichment of Gammaproteobacteria and Bacillales in the sorted sample, especially Paenibacillus species. The enzymes produced by these microorganisms could potentially be used directly in the hydrolysis of wheat straw or of other cellulosic biomass, or, more likely, be the starting point for further protein engineering and/or directed evolution to produce even more efficient enzymes.
RESULTS

Cellobiohydrolase Assays on Control Strains
Although many fungi produce large amounts of cellulase, synergistic multienzyme cellulase systems comprising endogluconases, exogluconases (cellobiohydrolases), and b-glucosidases are also produced by a number of different bacteria, including certain Bacillus subtilis strains . The system was first characterized using five bacterial reference strains: four strains of Bacillus subtillis, Bs2439, Bs2479, Bs2717, and Bs2724, with different levels of cellulase activity and one strain of E. coli, EcBL21, as a negative control with no cellulase activity.
The reference strains were assayed in microtiter plates and in 20 pl droplets by incubating bacteria for 24 hr at 30 C in Dubos salt medium supplemented with starch and carboxymethylcellulose (DSC) containing sodium b-D-cellobioside-6,8-difluoro-7-hydroxycoumarin-4-methanesulfonate (Najah et al., 2013) ( Figure 1A ). This fluorogenic substrate principally detects cellobiohydrolase [E.C.3.2.1.91] activity. Hydrolysis of this nonfluorescent substrate results in release of the highly water-soluble, blue-fluorescent 6,8-difluoro-7-hydroxycoumarin-4-methanesulfonate-leaving group, which remains confined in droplets for at least 24 hr, as previously described (Najah et al., 2013) .
To assay the five bacterial control strains in a droplet-based microfluidic system, a microfluidic drop-maker ( Figure 1B ) was used to produce sequentially five emulsions, each containing one of the five different bacterial control strains. The mean number of cells per 20 pl drop, l, was $0.1 (as in all subsequent microfluidic experiments). Assuming a Poisson distribution of bacteria in drops , this results in 90.5% empty drops, 9.0% drops containing one cell, and 0.5% drops containing more than two cells. These strains were encapsulated in DSC medium, with the fluorogenic cellobiohydrolase substrate and with a different concentration of the red fluorophore sulforhodamine 101 to optically encode droplets containing each strain (2, 4, 8, 16 , and 32 mM, respectively, for EcBL21, Bs2717, Bs2724, Bs2479, and Bs2439). The composite emulsion was collected in a capillary ( Figure 1C ), incubated for 24 hr at 30 C, and then reinjected into a second microfluidic device for analysis ( Figure 1D ; the sorting module was not used). For each droplet, the red fluorescence (sulforhodamine 101) and the blue fluorescence (6,8-difluoro-7-hydroxycoumarin-4-methanesulfonate) was measured.
In the microtiter plate assay, the signal with EcBL21, which does not secrete cellulases, was very low as expected. Bs2479 gave a similarly low signal, whereas the other three B. subtilis strains all showed significantly higher cellobiohydrolase activities in the following order: Bs2724 > Bs2717 > Bs2439 (Figure 2A ).
In the microfluidic assay, distinct populations of droplets, each corresponding to a different strain, were defined using the red fluorescence ( Figure S1 available online), and the blue fluorescence was used to measure the cellobiohydrolase activity for each strain (Figures 2B and 2C) . A single low blue fluorescence population was observed with EcBL21, indicating that there was no detectable cellobiohydrolase activity. However, in contrast to the results in the microtiter plate assay, low but detectable cellobiohydrolase activity was observed with Bs2479, indicating that the microfluidic assay was more sensitive. As with the microtiter plate assays, the other B. subtilis strains were found to be more active. However, the ranking of their cellobiohydrolase activities, based on mean blue fluorescence in positive droplets, was slightly different ( Figure 2B ), with Bs2439 being found to be more active than Bs2717. Interestingly, however, for Bs2717 there was a wider variance in blue droplet fluorescence, indicating a wider variance in cellobiohydrolase activity at the singlecell level than with the other strains ( Figure 2C ). Indeed, the Bs2717 cells with the highest cellobiohydrolase activity show higher cellobiohydrolase activity than do the most active cells from the other strains. In contrast to measurements in microtiter plate systems, where only the average activity of a population is measured, single-cell analysis can reveal highly heterogeneous behaviors of individual bacterial cells, even in a single strain (Koutsoumanis and Lianou, 2013) . Indeed, droplet-based microfluidics is a powerful tool to study phenotypic variability at the single-cell level as >100,000 cells can easily be analyzed in less than 1 hr.
Sorting of Reference Strains Based on Cellobiohydrolase Activity
The five bacterial control strains were mixed at equal cell density. A microfluidic drop-maker ( Figure 1B ) was used to produce a single emulsion containing the five strains, coencapsulated in DSC medium, with the fluorogenic cellobiohydrolase substrate and 4 mM sulforhodamine (to detect every droplet independent of cellobiohydrolase activity). The emulsion was collected in a capillary ( Figure 1C ), incubated for 24 hr at 30 C, and then injected into a sorting device ( Figure 1D ), where the droplets were sorted by fluorescence-activated dielectrophoresis , based on blue fluorescence, which corresponds to cellobiohydrolase activity. Two different sorting thresholds were used ( Figure 3A ): either all droplets showing detectable cellobiohydrolase activity (29% of the total droplets) were sorted or only the 1% most blue fluorescent droplets, showing the highest cellobiohydrolase activity, were sorted. The sorted droplets were broken, and the pooled bacteria plated on nonselective media for recovery were then picked after growth on identification media ( Figure S2 ). The same procedure was performed with unsorted droplets. This allowed counting of the different strains with and without sorting ( Figures 3B-3D ). From unsorted droplets, the percentage of colonies corresponding to the EcBL21 and Bs2724 strain was $20%, as in the original mixture, but Bs2717 and Bs2479 were underrepresented, and Bs2439 was overrepresented, most likely due to differences in growth rates of the different B. subtilis strains during the 24 hr incubation in droplets. Nevertheless, this technique permitted the enrichment of the different B. subtilis strains relative to E. coli to be determined. With the 29% sorting threshold, the overall enrichment of B. subtilis compared to E. coli was modest (4.2-fold), and only Bs2724 and Bs2439, the two most active strains (measured in the microfluidic system; Figure 2B ), were enriched compared to EcBL21. This indicates that a large number of droplets containing cells with little or no cellobiohydrolase activity were crossing the sorting threshold. However, with the 1% sorting threshold, out of 100 colonies screened on identification media, none were identified as EcBL21 or Bs2479, which show no or very low cellobiohydrolase activity, and the enrichments observed for the different B. subtilis strains were consistent with the measured cellobiohydrolase activities ( Figure 2B ), the most active variants being preferentially enriched. These results are consistent with an effective enrichment for the most active strains and exclusion of the inactive ones.
Bioprospection and Isolation of Soil Bacteria
Based on Cellobiohydrolase Activity Bacteria were extracted from a soil sample from wheat stubble, as we expected this to be a rich source of biodiversity, containing many cellulolytic bacteria that feed on stubble and straw lying on the ground after the harvest. After extraction of bacteria from the soil sample, the bacteria were selected in two ways: either for growth on DSC agar, which contains starch and carboxymethylcellulose as carbon sources, or by using fluorescence-activated droplet sorting ) to screen uncultivated bacteria directly for cellobiohydrolase activity using a fluorogenic cellobiohydrolase substrate ( Figure 1A ) (Najah et al., 2013) . Although this assay only screens for cellobiohydrolase activity, and efficient cellulose degradation requires a group of enzymes (endoguconases, cellobiohydrolases, and b-glucosidases) acting together synergistically (Dashtban et al., 2009; Maki et al., 2009) , we hypothesized that screening for cellobiohydrolase activity may still enable enrichment of microorganisms that produce multienzyme cellulase systems, as usually a microorganisms producing cellobiohydrolase will also produce the other enzymes, or otherwise they could not degrade cellulose to generate glucose for metabolism.
For microfluidic screening, a microfluidic drop-maker (Figure 1B ) was used to produce sequentially three emulsions with bacteria from the soil sample, EcBL21 as a negative control and Bs2439 as a positive control for bacteria producing cellobiohydrololases. These strains were compartmentalized in droplets in DSC medium, with the fluorogenic cellobiohydrolase substrate ( Figure 1A) , and different concentrations of sulforhodamine (2, 8, or 32 mM) to label droplets containing the soil bacteria, EcBL21 and BS2439 strains, respectively. The three emulsions were not mixed in this case but were incubated for 24 hr at 30 C in separate capillaries ( Figure 1C ). The emulsions containing EcBL21 and then Bs2439 were injected into a sorting device ( Figure 1D ) but were not sorted. However, the blue fluorescence of droplets containing these control bacteria was used to benchmark the level of cellobiohydrolase activity before performing the sorting. The bacteria from the soil sample were then injected into the same device, and their activity was assayed based on blue fluorescence. A large majority (99.9%) of soil sample droplets were more fluorescent than EcBL21 droplets (99.9 th percentile = 13.76 relative fluorescence units
[RFU]), suggesting a high proportion of cellulolytic bacteria ( Figures 4 and S3). However, this does not imply that $99.9% of bacteria in the soil sample produce cellobiohydrolase: the small number of droplets with low blue fluorescence similar to droplets containing EcBL21 could be explained by cellobiohydrolase secretion by uncompartmentalized bacteria during droplet production and/or by l being underestimated (accurate determination of l is difficult for the uncultivated soil sample). The 99.9 th percentile was higher for the soil sample (79.64 RFU) compared to the Bs2439-positive control strain (40.43 RFU). Two percent of soil sample droplets were more fluorescent than all droplets containing EcBL21, and all but one droplet containing Bs2439, and these droplets were sorted. The throughput of the sorter was 300 droplets s À1 , and the mean number of cells per 20 pl drop, l, was 0.13, allowing the screening of over 100,000 bacteria in less than 20 min.
During the 24 hr incubation at 30 C, cells that can grow in DSC medium may replicate in droplets, as observed with Bs2439 and EcBL21 (see Figure S3 and Najah et al., 2013 ; however, this is unlikely to significantly skew the outcome of the selection as both sorted and unsorted bacteria were subsequently grown on DSC agar plates before measuring cellobiohydrolase and endogluconase activity (see below).
Samples of soil bacteria and sorted bacteria were spread on DSC agar and colonies harvested after 48 hr of culture. Equal numbers of unsorted and sorted cells were tested for cellobiohydrolase activity in microtiter plates and using the droplet-based microfluidic system ( Figures 5A and 5B) . For the microfluidic analysis, samples of sorted and unsorted soil bacteria, plus the EcBL21 and Bs2439 control strains, were encapsulated in DSC medium, with the fluorogenic cellobiohydrolase substrate and with a different concentration of the red fluorophore sulforhodamine 101 to optically encode droplets containing each sample (2, 4, 8, and 16 mM, respectively). The four emulsions were mixed, and blue fluorescence (cellobiohydrolase activity) and the optical code (red fluorescence) were measured in a single experiment ( Figure S4 ). The unsorted sample is the result solely of a growth-based selection, whereas the sorted sample in addition comprises an activity-based selection on the uncultivated bacteria. The microtiter plate assays ( Figure 5A ) showed that the growth-based selection leads to a bacterial population with a level of cellobiohydrolase activity slightly lower than, but not statistically different from, the positive control Bs2439. The cellobiohydrolase activity observed for the sorted sample was, however, 17 times higher than the unselected sample (growth-based selection only) and 13 times higher than the positive control. The analysis using droplet-based microfluidics ( Figures 5B and S4 ) is consistent with these results but gives a more detailed analysis of the populations. The direct sorting of soil bacteria clearly resulted in an enrichment for bacteria showing high cellobiohydrolase activity. The fraction of droplets showing significant cellobiohydrolase activity (higher than 50 RFU blue flourescence, f > 50 ) was 18.6 times higher in the activity-based selected population (f > 50 = 4.7%) than in the growth-based selected population (f > 50 = 0.25%). Moreover, the fraction of highly fluorescent droplets (>200 RFU blue flourescence, f > 200 ) was 13.4 times higher in the activity-based selected population (f > 200 = 0.43% versus f > 200 = 0.03% for growth-based selection). This clearly indicates a strong enrichment of bacteria producing exogluconases (cellobiohydrolases).
We further assayed equal numbers of bacteria isolated from soil after cultivation on DSC (growth-based selection) and the bacteria sorted and cultivated on DSC (activity-based selection), plus the EcBL21 and Bs2439 control strains, for endoglucanase activity using a standard microtiter-plate assay based on hydrolysis of carboxymethyl cellulose (CMC) (Dashtban et al., 2010) ( Figure 5C ). This assay showed that growth-based selection led to a bacterial population with a level of endogluconase activity slightly lower than, but not statistically different from, the positive control Bs2439. However, the endogluconase activity observed for the sorted sample was 7.3 times higher than the unselected sample (growth-based selection only) and 5.3 times higher than the positive control.
Taken together, the microfluidic and microtiter plate analyses of exogluconase (cellobiohydrolase) and endogluconase (CMCase) activity ( Figure 5 ) indicate that, compared to growthbased selection, selection based on enzymatic activity leads to a more active microbial population enriched in highly active cellulolytic bacteria.
Bacterial Diversity Analysis DNA was extracted from the bacteria isolated directly from soil (without cultivation), the bacteria isolated from soil after cultivation on DSC (growth-based selection), and the bacteria sorted and cultivated on DSC (activity-based selection) and analyzed to assess the taxonomic diversity. After amplification and deep sequencing of DNA coding for the 16S rRNA V3-V4 regions, the sequences were blasted and classified based on sequence similarity. As phylogenic analysis is based on comparison of sequences limited to hypervariable regions V3 and V4 of 16S rRNA, it is impossible to obtain full identification at the species level for every sequence. Using the software MEGAN ) with a BLASTN bit score of 86 (Urich et al., 2008) , the three samples were compared at every level of identification (Table 1 ). The taxonomy rarefaction plot ( Figure 6A) shows that a reasonable number of sequences were analyzed regarding the diversity observed in the samples. Table 1 and the taxonomy rarefaction plot ( Figure 6A ) highlight important differences in diversity between the original diversity of the soil sample and the two populations, selected based on growth or cellobiohydrolase activity. The number of leaves in the phylogram depends on the level of identification and the sample diversity and is a good indication of the overall diversity . When comparing the three samples, the soil sample shows the highest level of diversity with 69 leaves. The population after solely growth-based selection shows much lower diversity, with only nine taxon leaves. This decrease is mainly due to the poor ability of environmental bacteria to grow on synthetic media (Pham and Kim, 2012) and the selective conditions for bacteria that could process one or both of the two carbon sources present in DSC, i.e., CMC and starch. The population derived from activity-based selection has 12 taxon leaves, indicating similar overall diversity ($1.3-fold higher) to growth-based selection.
There were, however, important differences in the taxonomic diversity observed in the populations recovered from activityand growth-based selection. Comparison at the family level ( Figure 6B) showed that, compared to the uncultivated soil sample, activity-based selection increased the proportion of Paenibacillaceae from 0.8% to 95.3% but reduced the proportion of Bacillaceae from 16.1% to 3.7% and of Rhizobiaceae from 9.7% to 0.1%, whereas growth-based selection slightly increased the proportion of Paenibacillaceae from 0.8% to 4.7%, strongly increased the proportion of Bacillaceae from 16.1% to 88.4%, and decreased the proportion of Rhizobiaceae from 9.8% to 3.4%.
The dendrogram ( Figure S5 ) confirms the clear differences between the two selected samples. The population from the growth-based selection contains a larger proportion of sequences associated with the classes of Betaproteobacteria and Rhizobiales and the family of Bacillaceae. The population from the activity-based selection, however, has a larger proportion of sequences associated with the Gammaproteobacteria class and the Paenibacillus genus.
DISCUSSION
Here, we describe a droplet-based microfluidic system for the ultra-high-throughput screening of cellulolytic microorganisms and its application to isolate a highly diverse population of cellulolytic bacteria directly from soil. Single bacteria were compartmentalization in 20 pl droplets with media containing a fluorogenic cellobiohydrolase substrate and screened directly for cellobiohydrolase activity by fluorescence-activated droplet sorting ). This system allowed the screening of over 100,000 microorganisms in less than 20 min from environmental samples based on enzymatic activity without prior cultivation.
First, five reference strains were characterized using microtiter plates and droplet-based microfluidic systems. Both analyses correlated quite well, but droplet-based microfluidic analysis gave access to cellobiohydrolase activity at the single cell level and revealed important differences in variance in cellobiohydrolase activity between the reference strains. Model selections using the control strains demonstrated that the strains with high cellobiohydrolase activity could be efficiently discriminated and enriched.
Uncultivated bacteria extracted from soil from a wheat stubble field were then screened directly for cellobiohydrolase activity by compartmentalization of single bacteria in 20 pl droplets with media containing a fluorogenic cellobiohydrolase Histogram showing the number of droplets observed as a function of the cellobiohydrolase activity (blue fluorescence) for bacteria extracted directly from soil (soil sample), a negative control strain that does not produce cellobiohydrolase (EcBL21), and a positive control strain producing cellobiohydrolase (Bs2439). A sorting threshold was defining to recover the 2% droplets with the highest cellobiohydrolase activity from the soil sample (vertical line). These data were obtained in a single experiment, and the soil sample and the two control strains were differentiated using optical coding of the droplets ( Figure S3 ). The mean number of bacteria per droplet (l) is indicated. See also Figure S3. substrate. Because the enzymes secreted by a single cell in a 20 pl droplet rapidly attain detectable concentrations, no growth is required before compartmentalization. This is highly advantageous as cultivatable cells represent only a small fraction of the available biodiversity (Staley and Konopka, 1985; Torsvik and Øvreå s, 2002) . Furthermore, during culture on synthetic medium, fast-growing bacteria frequently outcompete the slow-growing or low prevalence species (Vartoukian et al., 2010; West et al., 2007) . Moreover, the competition for nutrients and the production of bacteriocins by some species can lead to the absence of growth of other species (Tamaki et al., 2005) . Indeed, in this study, deep sequencing of 16S rRNA revealed that the direct culture of soil bacteria on a medium containing starch and carboxymethylcellulose as carbon source (DSC agar), leading to a growth-based selection, resulted in a pronounced decrease in taxonomic diversity compared to the uncultured sample, and the selected population exhibited only modest cellulase (endogluconase and cellobiohydrolase) activity.
In contrast, the use of a droplet-based microfluidics system to sort the bacteria based on cellobiohydrolase activity prior to culture on DSC led to a bacterial population with 17-fold higher cellobiohydrolase activity than when simply selected for growth on DSC agar. Furthermore, despite the fact that sorting was triggered on exogluconase (cellobiohydrolase) activity, the sorted bacterial population was also enriched for endogluconase activity: CMCase activity was 7-fold higher than when selected solely for growth on DSC agar.
Although the overall taxonomic diversity was similar in the two selected populations, there were important differences: a large majority of sequences of the populations selected for cellobiohydrolase activity in the microfluidic system were associated with Paenibacillaceae and Paenibacillus species, whereas the populations selected solely for growth on DSC showed a majority of sequences associated with Bacillaceae.
Note, however, that after screening for cellobiohydrolase activity using a fluorogenic substrate in the microfluidic system, we recovered only the subpopulation capable of growing on (A-C) Cellulase activity was compared for the growth-based selected population, the activity-based selected population, a negative control strain that does not produce cellulase (EcBL21), and a positive control strain producing cellulase (Bs2439). (A) The cellobiohydrolase activity was measured in a microtiter plate over 24 hr. The activity is expressed as the difference in blue fluorescence between the beginning of the experiment and the end. Error bars correspond to ±1 SD. (B) Histogram showing the percentage of droplets observed as a function of the cellobiohydrolase activity (blue fluorescence) for each sample/strain. The microfluidic results were obtained in a single experiment, and the four samples/strains were differentiated using optical coding of the droplets ( Figure S4 ). The mean number of bacteria per droplet (l) and the fraction of significantly active droplets (>50 RFU, f > 50 ) and highly active droplets (>200 RFU, f > 200 ) are indicated. (C) The endogluconase (CMCase) activity was determined by growing cells for 48 hr at 30 C, taking the supernatant and measuring hydrolysis of Azo-CMCellulose after incubation at pH 4.5 and 41 C for 10 min. Error bars correspond to ±1 SD.
See also Figure S4 .
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Bioprospection Using Droplet-Based Microfluidics DSC agar, which almost certainly resulted in a loss of diversity. In the future, direct genomic analysis of the sorted, uncultivated bacteria would be very interesting to pursue in order to discover new enzymes. The rapidly improving efficiency and reduction in cost of bacterial whole-genome sequencing may well make sequencing and bioinformatic analysis the system of choice in the near future. Despite the fact that selecting based on cellobiohydrolase activity enabled enrichment of bacteria producing both endogluconases and cellobiohydrolases, further improvement could potentially also be made by simultaneously selecting for endogluconase activity, for example, by measuring CMC hydrolysis using coupled fluorogenic enzyme assays to detect glucose (Ostafe et al., 2014) . Better still could be to switch to assays based on hydrolysis of the natural feedstock. Although no truly generic, accurate, and reproducible assay for the measurement of cellulase hydrolysis exists (Dashtban et al., 2010) , cellulase activity on natural feedstocks could potentially be monitored using coupled fluorogenic enzyme assays to detect glucose or, alternatively, by using novel assays based on, for example, changes in osmotic pressure (Boitard et al., 2012; Joensson et al., 2011) or mass spectroscopy (Ji et al., 2012; Kü ster et al., 2013; Smith et al., 2013) .
SIGNIFICANCE
We have demonstrated the use of a droplet-based microfluidic system, in which individual bacteria are compartmentalized in 20 pl droplets for the ultra-high-throughput screening of cellulolytic microorganisms isolated from wheat stubble. A total of 100,000 bacteria were directly screened without prior cultivation in less than 20 min using only 20 ml of reagents. Compared to state-of the art, robotic microtiter plate screening systems, which have a throughput of $30,000 per day and typical reaction volumes of at least 50 ml. This represents an $240-fold increase in throughput and an $250,000-fold decrease in reagent volume (with a proportional decrease in reagent costs). Indeed, to screen the same number of microorganisms in microtiter plates would require over 3 days and more than 4 l of reagent. Furthermore, direct screening without prior cultivation is impossible in a microtiter plate system, and screening of single uncultivated cells for cellulase activity is impossible using FACS, as the cellulases are secreted and the cells are not compartmentalized when the assay is performed.
EXPERIMENTAL PROCEDURES Microfluidic Devices
Microfluidic devices (Figures 1B and 1D) were fabricated in poly(dimethylsiloxane) (PDMS) using soft lithography (Duffy et al., 1998) . The channel depth of the microfluidic devices was 25 mm. Flow was driven using PHD 22/2000 syringe pumps (Harvard Apparatus).
Optical Setup, Data Acquisition and Control System, and Sorting Parameters Optical setup, data acquisition and control system, and sorting parameters were similar to those previously described ), but with three lasers (375, 488, and 561 nm) and four photomultiplier tubes, allowing detection of blue, green, orange, and red fluorescence, respectively ( Figure S6 ).
Bacterial Strains and Culture Conditions
Bacillus subtilis NCIM-2439 , B. subtilis NCIM-2479 , B. subtilis NCIM-2717 , and B. subtilis NCIM-2724 were obtained from the National Chemical Laboratory (NCL), and E. coli BL21 (hereafter called EcBL21) was obtained from Amersham Biosciences. A single colony was used to inoculate 5 ml of Tryptic Soy Broth (TSB; 15 g Tryptone, 5 g Soytone, and 5 g sodium chloride), and the preculture was grown overnight (200 rpm, 30 C). A 0.1 ml aliquot of the preculture was used to inoculate 5 ml of TSB and grown for 4 hr (200 rpm, 30 C). The OD 600nm was then measured to estimate the cell density (for each species, the OD 600nm corresponding to 5.10 6 colony-forming units per milliliter was determined on TSA plates). Cells were harvested by centrifugation (6,000 g, 10 min), washed twice with PBS, and resuspended at a density of 5.10 6 bacteria/milliliter in Dubos salt medium. Deep sequencing of 16S rRNA was used to compare bacteria isolated directly from soil (soil; 38,787 reads), bacteria isolated from soil and cultivated on DSC (growth-based selection sample; 30,007 reads), and the 2% of bacteria with the highest cellobiohydrolase activity sorted from the soil sample and then cultivated on DSC (activity-based selection sample; 32,745 reads). The three samples were compared using MEGAN with normalization based on read counts. For every level of identification, the number of taxa observed was determined for each sample. The normalized read counts associated with these taxa are also indicated. See also Figure S5 .
Soil Sample
The soil sample was from a field containing wheat stubble near Nogent-SurSeine (France) in August 2011. The soil is sandy, and the previous culture was a beet crop. The sample was stored at À20 C without cryopreservative.
Extraction of Soil Bacteria
Extraction of soil bacteria was performed as described in Calbrix et al. (2007) . Washed cells were resuspended in 1 ml of Dubos salt medium supplemented with starch and carboxymethylcellulose (DSC), consisting of 0.5 g/l NaNO 3 , 1.0 g/l K 2 HPO 4 , 0.5 g/l MgSO 4 7H 2 O, 0.5 g/l KCl, 0.001 g/l FeSO 4 7H 2 O, and 0.5 g/l yeast extract, supplemented with both carboxymethylcellulose (CMC) and starch (each at 2.5 g/l) at pH 7. The number of culturable cells was determined by plating dilutions on DSC agar and counting the colonies.
Microplate Cellobiohydrolase Assay
Cellobiohydrolase assays were performed in 384-well microtiter plates by mixing 20 ml of 0.25 mM sodium b-D-cellobioside-6,8-difluoro-7-hydroxycoumarin-4-methanesulfonate (Najah et al., 2013 ) ( Figure 1A ), this result in 90.5% empty drops, 9.0% drops containing one cell, and 0.5% drops containing more than two cells. For each experiment, an aliquot of the diluted bacteria was plated on DSC agar, and the number of colony-forming units per milliliter was used to accurately calculate l. In all experiments, different bacterial strains or soil samples were additionally coded by supplementing the reaction medium with a red fluorescent dye (sulforhodamine 101, Sigma-Aldrich) at different concentrations (from 2 to 32 mM). Cells were maintained at 4 C prior to compartmentalization.
Droplets containing compartmentalized bacterial cells were produced in a microfluidic device ( Figure 1B ) by hydrodynamic flow focusing (Anna et al., 2003) of an aqueous stream containing the bacteria and cellobiohydrolase substrate with a fluorinated oil (HFE-7500, 3M) containing 2% (w/w) EA surfactant (Raindance Technologies), a PFPE-PEG-PFPE triblock copolymer (Holtze et al., 2008) . The two aqueous solutions, containing bacterial cells and the fluorogenic cellobiohydrolase substrate, respectively, were infused at 100 ml/hr, and the oil phase was infused at 400 ml/hr to produce 20 pl droplets at a rate of 2.8 kHz. The droplets were collected in a glass capillary ( Figure 1C ) (Mazutis et al., 2009 ) at room temperature and incubated for 24 hr at 30 C. The emulsion was then reinjected at 75 ml/hr into a second microfluidic device for sorting ( Figure 1D ). The injected droplets were spaced by fluorinated oil (HFE-7500 fluorinated oil [3M]) without surfactant infused at 800 ml/hr. The fluorescence of each droplet was measured by using the optical setup ( Figure S6 ) to excite the coumarin released as a result of substrate hydrolysis with a UV laser at 375 nm and detect the blue-emitted light between 440 and 480 nm. Droplets were sorted by defining a threshold blue fluorescence intensity over which the droplets were sorted by dielectrophoresis ) at a rate of 800 Hz. For experiments involving different samples of bacteria, the content of droplets was encoded using sulforhodamine 101. Sulforhodamine fluorescence was also measured by exciting droplets with the yellow laser at 561 nm and detecting the red emitted light between 610 and 680 nm. Bacterial strains that do not produce cellobiohydrolase (EcBL21) and that do produce cellobiohydrolase (Bs2439) were used as negative and positive controls, allowing a direct comparison between experiments despite small interexperimental differences in absolute fluorescence levels because of differences in laser position and focus. The sorted droplets were mixed with PBS (100 ml of PBS per 10 5 droplets) and vortexed. Likewise, unsorted bacteria were diluted into PBS (100 ml of PBS per 10 6 droplets). Several dilutions of sorted and unsorted bacteria were spread on DSC agar and colonies counted after incubation for 48 hr at 30 C in order to determine the number of culturable bacteria. The remaining sorted bacteria were spread and grown on square Bioassay petri dishes (245 3 245 mm; Nalgene) containing DSC agar. After incubation for 48 hr at 30 C, colonies were collected in 10 ml Dubos salt medium. These colonies were washed twice (6,000 g, 10 min), and the pellet was resuspended in 10 ml of DSC plus 5 ml of glycerol. The samples were aliquoted and stored at À80 C.
Identification Media
Four different media were used to differentiate the colonies of E. coli and the four B. subtilis strains used for the model sorting ( Figure S2 ): a modified Chapman medium, a milk agar, a starch agar, and fructose fermentation medium (FFM).
DNA Extraction
For soil samples, the DNA was extracted using the PowerSoil DNA isolation kit (Mo Bio), in accordance with the manufacturer's protocol. For colonies collected from DSC culture medium, the DNA extraction method was the GeneJet Genomic DNA Purification Kit (Thermo Scientific). The yield of DNA extracted was checked using a NanoDrop 3300 spectrophotometer (Thermo Scientific).
Metagenomic Analysis
For each sample, DNA encoding the variable regions of 16S rRNA (V3-V4) were amplified, tagged, pooled, and sequenced using 454 GS FLX Titanium platform. Sequences were blasted against the SILVA 16S ribosomal RNA databases (http://www.arb-silva.de/) (Quast et al., 2013) . The software MEGAN4 was used for the analysis and comparison of samples.
Statistical Analysis
All error bars correspond to ±1 SD. 
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